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1. Introduction 
2UJDQLF5DQNLQHF\FOH 25& LVDZHOONQRZQDSSURDFK WR UHFRYHULQJ ORZJUDGH
WKHUPDOHQHUJ\7KHDYDLODEOHORZWHPSHUDWXUHKHDWVRXUFHVLQFOXGHJHRWKHUPDOHQHUJ\
ELRPDVVSURGXFWVZDVWHKHDWIURPLQGXVWULDOSURFHVVHVDQGLQWHUQDOFRPEXVWLRQHQJLQH
VXUIDFHVHDZDWHUVRODUHQHUJ\DQGVRRQ7FKDQFKHHWDO7FKDQFKHHWDO
/HFRPSWHHWDO&RORQQDHWDO+XQJHWDO4LXHWDO6SURXVH
HWDO  
6RPH OLWHUDWXUH KDV EHHQ SXEOLVKHG RQ FRQWURO RI 25& V\VWHPV EXW QR UHFHQW
FRPSUHKHQVLYHUHYLHZKDVEHHQUHSRUWHGRQFRQWUROWKHRULHVDQGDSSOLFDWLRQVRI25&
V\VWHPVH[FHSWUHIHUHQFH7RQDDQG3HUDOH]ZKHUHWKHFRQWUROVFKHPHVGHVLJQHG
IRU25&V\VWHPVRQERDUGKHDY\GXW\YHKLFOHZDV VXUYH\HG$QXPEHURI UHVHDUFK
SXEOLFDWLRQVKDYHUHYLHZHGDUFKLWHFWXUHV/HFRPSWHHWDOSULQFLSOHV7FKDQFKH
HWDO/LXHWDO6KLHWDOZRUNLQJIOXLGDQGH[SDQGHUVHOHFWLRQV
%DRDQG=KDRPRGHOOLQJ=LYLDQLHWDO=KDQJHWDO7HFKQR
HFRQRPLFDQDO\VLV4XROLQHWDO9HOH]HWDODSSOLFDWLRQVLQZDVWHKHDW
UHFRYHU\+XQJHWDO4LXHWDO6SURXVHHWDO25&EDVHGSRZHU
V\VWHPV&RORQQDHWDO0DUNLGHV 
&RQWUROV\VWHPSOD\VDQLPSRUWDQWUROHLQ25&V\VWHPVHIIHFWLYHFRQWUROVFKHPH
PD\ HQVXUH 25& V\VWHPV RSHUDWLQJ RYHU D ZLGH UDQJH PHHW WKH SURFHVV RSHUDWLRQ
HIILFLHQF\VDIHW\DQGUHOLDELOLW\7KLVSDSHUSUHVHQWVDFRPSUHKHQVLYHUHYLHZRIRYHUDOO
FRQWURO VWUDWHJLHV IRU 25& V\VWHPV DQG DLPV DW SURYLGLQJ D UHIHUHQFH IRU IXUWKHU
UHVHDUFKLQWKHILHOGRI25&V\VWHPV 
7KHUHVWRIWKHSDSHULVRUJDQL]HGDVIROORZV6HFWLRQJLYHVDEULHILQWURGXFWLRQRI
WKHRSHUDWLRQPRGHVRI25&V\VWHPV6HFWLRQGHYRWHVWRRYHUYLHZFRQWUROVWUDWHJLHV
DSSOLHGWR25&V\VWHPVRSHUDWLQJLQIROORZLQJWKHFRQQHFWHGORDGPRGH)&/6HFWLRQ
 IRFXVHV RQ D UHYLHZ RI FRQWURO VWUDWHJLHV DSSOLHG WR 25& V\VWHPV RSHUDWLQJ LQ
IROORZLQJWKHUPDOHQHUJ\)7(PRGH6HFWLRQJLYHVVRPHFRQFOXGLQJUHPDUNVDQG
VRPHFKDOOHQJHVRILPSURYLQJFRQWUROSHUIRUPDQFH   
2. Operation modes for ORC systems  
 25& EDVHG ORZ JUDGH WKHUPDO HQHUJ\ FRQYHUVLRQ V\VWHPV DUH XVXDOO\ RSHUDWHG
XVLQJWZREDVLFVWUDWHJLHV)&/DQG)7(=KDQJHWDOF7KHGLIIHUHQFHEHWZHHQ
WZR RSHUDWLQJ PRGHV DUH  ,V WKH PDVV IORZ UDWH RU WHPSHUDWXUH RI KHDW VRXUFH D
PDQLSXODWHGYDULDEOH09"'RHVWKHURWDWLQJVSHHGRIWKHH[SDQGHUYDU\ZLWKKRW
VRXUFH" 
7KH 25& EDVHG SRZHU JHQHUDWLRQ V\VWHP RSHUDWLQJ LQ )&/ DQG )7( PRGHV DUH
VKRZQ LQ ILJXUH  DQG ILJXUH  LQ ZKLFK WKH RSHUDWLRQ VWUDWHJ\ RI 25& V\VWHPV
FRQFHQWUDWHV RQ ORDG IROORZLQJ DQG PD[LPXP WKHUPDO HQHUJ\ FRQYHUVLRQ HIILFLHQF\
UHVSHFWLYHO\7KH FRQWURO REMHFWLYHV RI WKH 25&V\VWHPV DUH FORVHO\ UHODWHG WR WKHLU
RSHUDWLRQPRGHV 
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)LJXUH$Q25&V\VWHPLQ)&/RSHUDWLRQPRGH=KDQJHWDOF 
)&/PRGH 
)LJXUHVKRZVDQ25&EDVHGV\VWHPRSHUDWLQJLQ)&/PRGHLQZKLFKWKHH[SDQGHU
DQG WKH JHQHUDWRU DUH OLQNHG ZLWK WKH VDPH VKDIW DQG WKH JHQHUDWRU LV FRQQHFWHG WR
SRZHUJULGZLWKRXWDSRZHUFRQYHUWHULQWHUIDFH,QHVVHQFHWKH25&SRZHUJHQHUDWLRQ
V\VWHP QHHG PHHW ORDG UHTXLUHPHQW DV VRRQ DV SRVVLEOH 7KH PD[LPXP HQHUJ\
FRQYHUVLRQHIILFLHQF\RIWKH25&V\VWHPLQWKLVRSHUDWLQJPRGHLVQRWUHTXLUHGQDPHO\
ORZJUDGHWKHUPDOHQHUJ\ WKDW LVQRWXWLOL]HGE\25&V\VWHPPD\EHE\SDVVHG7KH
URWDWLQJVSHHGRIWKHJHQHUDWRURUWKHH[SDQGHULVGHWHUPLQHGE\JULGIUHTXHQF\DQG
WKHQXPEHURISROHVRIWKHVWDWRUZLQGLQJ7KHSURGXFHGHOHFWULFSRZHULVUHTXLUHGWR
IROORZWKHYDULDWLRQVRIWKHORDGGHPDQGZKLOHWKHSULPDU\25&SURFHVVYDULDEOHVPXVW
EHPDLQWDLQHGZLWKLQVDIHRSHUDWLQJOLPLWV7KHPDVVIORZUDWHRUWKHWHPSHUDWXUHRIWKH
ORZJUDGHWKHUPDOHQHUJ\VRXUFHVLVXVXDOO\PDQLSXODWHGWRPDWFKWKHYDU\LQJORDG 
7KHFRQWUROWDVNVRIWKH25&V\VWHPXQGHUWKLVNLQGRIRSHUDWLQJPRGHDUHVLPLODU
WR WKDWRIWKHFRQYHQWLRQDOIRVVLOILUHGSRZHUSODQWV7KHVHWSRLQWVRIWKHFRQWUROOHG
25& V\VWHPV PD\ FKDQJH VXEVWDQWLDOO\ GXH WR FKDQJHV LQ ORDG UHTXLUHPHQWV 7KH
SULPDU\ 25& SURFHVV YDULDEOHV WKH HYDSRUDWLQJ SUHVVXUH WKH VXSHUKHDWLQJ DQG WKH
VXEFRROLQJPXVWEHPDLQWDLQHGZLWKLQDSSURSULDWHUDQJHV 
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)LJXUH$Q25&V\VWHPLQ)7(RSHUDWLRQPRGH=KDQJHWDOF  
)ROORZLQJXWLOL]HGWKHUPDOHQHUJ\PRGH 
:LWKUHJDUGWRWKH25&V\VWHPRSHUDWLQJLQ)7(PRGHVKRZQLQILJXUHZKHUH
WKHJHQHUDWRULVFRQQHFWHGWRWKHJULGYLDDIXOOFDSDFLW\FRQYHUWHUV\VWHP7KHHOHFWULF
SRZHUIURPWKHJHQHUDWRUIROORZVWKHYDULDWLRQVRIWKHXWLOL]HGWKHUPDOHQHUJ\VRDVWR
JXDUDQWHHWKHHIILFLHQWXWLOL]DWLRQRIWKHUPDOHQHUJ\ZKLOHWKH25&SURFHVVYDULDEOHV
PXVWEHPDLQWDLQHGDWGHVLUHGOHYHOV7KHPDVVIORZUDWHRUWKHWHPSHUDWXUHRIWKHORZ
JUDGH WKHUPDO HQHUJ\ VRXUFHV LV XVXDOO\ QRW XVHG DV DQ 09 7KH VHWSRLQWV RI WKH
FRQWUROOHG25&V\VWHPVPD\FKDQJHVXEVWDQWLDOO\EHFDXVHRIYDULDWLRQVLQWKHPDVV
IORZUDWHRUWKHWHPSHUDWXUHRIKHDWVRXUFHHQWHUHGWRWKHHYDSRUDWRU 
7KH 25& V\VWHP RSHUDWLQJ LQ )7( PRGH DLPV DW HIILFLHQWO\ XWLOL]LQJ ORZ JUDGH
WKHUPDOHQHUJ\QDPHO\PD[LPXPHQHUJ\FRQYHUVLRQHIILFLHQF\LVH[SHFWHGWRDFKLHYH
XQGHUWKLVFLUFXPVWDQFH7KHHQHUJ\FRQYHUVLRQHIILFLHQF\RIWKH25&V\VWHPRSHUDWLQJ
LQ)7(PRGHZDVLQYHVWLJDWHGLQ=KDQJHWDOF,WLVSRLQWHGRXWWKDWWKHRYHUDOO
HQHUJ\FRQYHUVLRQHIILFLHQF\FDQEHUHIRUPXODWHGE\  
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ZKHUH expK  DQG overallK  VWDQG IRU HIILFLHQF\ RI WKH H[SDQGHU DQG RYHUDOO HQHUJ\
FRQYHUVLRQHIILFLHQF\ expN  am  DQG ah  DUHWKHURWDWLQJVSHHGRIWKHH[SDQGHUWKH
PDVVIORZUDWHDQGWKHHQWKDOS\RIKHDWVRXUFHUHVSHFWLYHO\ exp,iX  DQG ,a refh  are WKH
UHIHUHQFH HQWKDOS\RIKHDW VRXUFH DW -? DQG WKH VSHFLILFYROXPHRIZRUNLQJ IOXL G
UHVSHFWLYHO\ ff  LV WKH ILOOLQJ IDFWRU DQG sV  WKH VZHSW YROXPH pW   LV WKH SXPS
FRQVXPSWLRQ SRZHU 1w  and 2w  DUH WKH specific work of the expander during 
Isentropic expansion and Constant volume expansion respectively. ,WFDQEHREVHUYHG
IURP(TWKDWWKHHQHUJ\FRQYHUVLRQHIILFLHQF\RIDJLYHQ25&V\VWHPLVFORVHO\
UHODWHGWRWKHURWDWLQJVSHHGRIWKHH[SDQGHUWKHPDVVIORZUDWHDQGWKHHQWKDOS\RUWKH
WHPSHUDWXUHRIKHDWVRXUFH  
$VIDUDVWKH25&V\VWHPRSHUDWLQJLQDVSHFLILFRSHUDWLQJSRLQWLVFRQFHUQHGLWV
FXUUHQWRSHUDWLQJFRQGLWLRQLVGHWHUPLQHGE\WKHPDVVIORZUDWH am  DQGWKHHQWKDOS\
ah  RUWKHWHPSHUDWXUHRIWKHKHDWVRXUFHWRJHWKHU7KHUHIRUHWKHURWDWLQJVSHHGRIWKH
H[SDQGHU VKRXOG EH PDQLSXODWHG LQ RUGHU WKDW WKH PD[LPXP HQHUJ\ FRQYHUVLRQ
HIILFLHQF\LVREWDLQHG 
,Q ILJXUH  WKH JHQHUDWRU FRQQHFWV WR SRZHU JULG WKURXJK GRXEOH SXOVHZLGWK
PRGXODWLRQ 3:0 FRQYHUWHUV DQG WUDQVIRUPHU 7KH SHUPDQHQW PDJQHW V\QFKURQLF
JHQHUDWRU360*DOORZHGIRUIRXUTXDGUDQWRSHUDWLRQVFDQUHDOL]HYDULDEOHVSHHGDQG
FRQVWDQWIUHTXHQF\FRQWUROE\XVLQJGRXEOH3:0FRQYHUWHUV6LQFHWKHH[SDQGHUDQG
WKHJHQHUDWRUDUHOLQNHGWRJHWKHUZLWKWKHVDPHVKDIWVSHHGUHJXODWLRQRIWKHH[SDQGHU
FDQWKHQEHDFKLHYHGE\PDQLSXODWLQJWKHJHQHUDWRUWRUTXH$FFRUGLQJO\WKHPD[LPXP
HQHUJ\FRQYHUVLRQV\VWHPFDQEHDFKLHYHG  
,QVXPPDU\WKHFRQWUROWDVNVRIWKH25&V\VWHPLQ)7(RSHUDWLQJPRGHDUHVLPLODU
WR WKDW RI WKH ZLQG SRZHU SODQWV RSHUDWLQJ LQ ORZ ZLQG VSHHG UHJLRQ 6HHNLQJ WKH
PD[LPXPHQHUJ\FRQYHUVLRQHIILFLHQF\LVHTXLYDOHQWWRFDSWXULQJPD[LPXPWKHUPDO
HQHUJ\7KHRSWLPDOVHWSRLQWVRIWKHFRQWUROOHG25&V\VWHPFDQEHFDOFXODWHGRQEDVLV
RIERWKWKHPDVVIORZUDWHDQGWKHWHPSHUDWXUHRIKHDWVRXUFH7KHSULPDU\25&SURFHVV
YDULDEOHVPXVWEHNHSWZLWKLQDSSURSULDWHUDQJHV0RUHRYHUWKHURWDWLQJVSHHGRIWKH
H[SDQGHU LV PDQLSXODWHG VR WKDW WKH SURGXFHG HOHFWULF SRZHU FDQ DGDSW WR YDU\LQJ
WKHUPDOHQHUJ\LQSXWWLQJLQWRWKH25&V\VWHP       
3. Control strategies for the FCL mode 
:KHQDQ25&V\VWHPLVRSHUDWLQJLQ)&/PRGHWKHURWDWLQJVSHHGRIWKHH[SDQGHU
PLJKW NHHS ZLWKLQ D SURSHU UDQJH 7KH VHWSRLQWV RI WKH HYDSRUDWLQJ WHPSHUDWXUH
VXSHUKHDWLQJ DQG VXEFRROLQJ YDU\ ZLWK WKH ORDG GHPDQG7KHPDVV IORZ UDWH RU WKH
WHPSHUDWXUHRIWKHKHDWVRXUFHDWWKHLQOHWRIWKHHYDSRUDWRULVVHOHFWHGDVRQHRI09V  
7KLVNLQGRI25&SRZHUSODQWLVUHTXLUHGWRGHDOZLWKVRPHSUREOHPVHQFRXQWHUHG
LQFRQYHQWLRQDOWKHUPDOSRZHUSODQWV  
7UDGLWLRQDO3,'  
7KUHH3,FRQWUROOHUVZHUHGHVLJQHGIRUDQ25&V\VWHPWKDWUHFRYHUVZDVWHKHDWRI
KHDY\GXW\ GLHVHO SRZHUWUDLQ LQ /XRQJ DQG 7VDR  7ZR LQGHSHQGHQW 3,
FRQWUROOHUVDUHGHVLJQHGWRFRQWUROWKHHYDSRUDWLQJDQGFRQGHQVLQJSUHVVXUHVDQGWKH
WKLUGRQHWRIROORZWKHORDGGHPDQG7KHPDVVIORZUDWHRIWKHFRQGHQVLQJIOXLGDQG
WZRWKURWWOHYDOYHSRVLWLRQVDUHVHOHFWHGDVWKH09V7KHFRQWUROOHGDXWRPRWLYH25&
V\VWHPRSHUDWLQJLQIROORZLQJEDVHYDU\LQJORDGPRGHLVLQYHVWLJDWHG7KHFRQWUROOHG
25&V\VWHPFDQQRWPHHWERWKWKHSRZHUGHPDQGDQGSUHVVXUHVHWSRLQWVLQSUHVHQFH
RILQIHDVLEOHSRZHUGHPDQG2EYLRXVO\LWLVQHFHVVDU\WRLPSURYHFRQWUROSHUIRUPDQFH
E\DGGLQJGHFRXSOLQJRUDGRSWLQJRWKHUDGYDQFHGFRQWURO ODZV$OWKRXJK3,RU3,'
FRQWUROOHU LV WKH PRVW LQWXLWLYH DQG HDVLHVW WR LPSOHPHQW LW LV XQDEOH WR DFKLHYH
VDWLVIDFWRU\FRQWUROSHUIRUPDQFHGXHWRQRQOLQHDULWLHVXQFHUWDLQWLHVFRXSOLQJYDU\LQJ
ORDGGHPDQG    
/4,  
7ZRLQSXWWZRRXWSXW熺DQG7KUHHLQSXWWZRRXWSXW熺PXOWLYDULDEOH/4,
FRQWURO VFKHPH ZHUH HPSOR\HG IRU DQ 25& V\VWHP UHVSHFWLYHO\ /XRQJ DQG 7VDR
D/4,FRQWURODOJRULWKPLQFRUSRUDWHVOLQHDUTXDGUDWLFUHJXODWLRQWHFKQLTXHDQG
LQWHJUDODFWLRQVRDVWRUHMHFWWKHVWHDG\VWDWHWUDFNLQJHUURU7ZRFRQWUROOHGYDULDEOHV
&9VDUHWKHHYDSRUDWLQJDQGFRQGHQVLQJSUHVVXUHV7KH09VDUHFKRVHQDVWKHPDVV
IORZUDWHRIWKHFRQGHQVLQJIOXLGDQGWKHWKURWWOHYDOYHEHIRUHWKHHYDSRUDWRUSRVLWLRQV
LQWKH熺PXOWLYDULDEOH25&FRQWUROV\VWHP$QRWKHUWKURWWOHYDOYHSRVLWLRQEHFRPHV
DQHZ09LQWKH熺PXOWLYDULDEOH25&FRQWUROV\VWHP 
$FRQWURORULHQWHGQRQOLQHDUVWDWHVSDFHPRGHOZDVEXLOWIRU25&V\VWHPRSHUDWLQJ
LQ)&/PRGH=KDQJHWDODDIRXULQSXWIRXURXWSXW熺PXOWLYDULDEOH/4,
FRQWURO PHWKRG ZDV SUHVHQWHG 7KH &9V LQFOXGH WKH QHW SRZHU WKURWWOH SUHVVXUH
VXSHUKHDWHGYDSRU WHPSHUDWXUH DW WKHRXWOHWRI WKHHYDSRUDWRU DQG WKHZRUNLQJ IOXLG
WHPSHUDWXUHDWWKHRXWOHWRIWKHFRQGHQVHU7KHVH&9VDUHFRQWUROOHGE\FRUUHVSRQGLQJ
09VWKHWKURWWOHYDOYHSRVLWLRQURWDWLQJVSHHGRIWKHSXPSFRQGHQVLQJDLUYHORFLW\
DQGH[KDXVWJDVYHORFLW\7KHFRQWUROOHULVGHVLJQHGIRUWKH25&V\VWHPRSHUDWLQJLQD
QRPLQDORSHUDWLQJSRLQWZLWKWKHDLGRIWKHOLQHDUL]HGPRGHO7KHFRQWUROSHUIRUPDQFH
ZLOOGHJUDGHZKHQWKH25&V\VWHPGHYLDWHVWKHQRPLQDORSHUDWLQJSRLQW,QDGGLWLRQ
WKHODVWWZR&9VFRQGHQVLQJDLUYHORFLW\DQGH[KDXVWJDVYHORFLW\VKRXOGEHUHSODFHG
E\ WKH PDVV IORZ UDWHV RI H[KDXVW JDV DQG FRQGHQVLQJ DLU IRU LPSURYLQJ WKHLU
PHDVXUHPHQWLQSUDFWLFH  
09& 
,QRUGHUWRWDFNOHVWRFKDVWLFGLVWXUEDQFHVIURPKHDWVRXUFHDQGPHDVXUHPHQWQRLVHV
DPXOWLYDULDEOHJHQHUDOL]HGPLQLPXPYDULDQFHFRQWURO09&DOJRULWKPZDVHPSOR\HG
LQ DQ 25& V\VWHP +RX HW DO  7KH 09& FRQWUROOHU FDQ EH REWDLQHG E\
PLQLPL]LQJWKHIROORZLQJSHUIRUPDQFHLQGH[ 
1 1 1
1 1 1
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ZKHUH WKH YHFWRU ry  UHSUHVHQWV WKH VHW SRLQWV RI WKH &9V 1( )H q  1( )R q  DQG
1( )qO   DUHZHLJKWSRO\QRPLDOVFRUUHVSRQGLQJWRWKH&9VVHWSRLQWVRIWKH&9VDQG
09V ZKLFK SHQDOL]HV WKH WUDFNLQJ HUURUV DQG FRQWURO HIIRUWV &RPSDUHG ZLWK 3,'
FRQWUROOHUJHQHUDOL]HG09&REWDLQVEHWWHUSHUIRUPDQFH+RXHWDO,WVKRXOGEH
SRLQWHGRXWWKDWWKHGLVWXUEDQFHVDQGPHDVXUHPHQWQRLVHVDUHQRWQHFHVVDULO\*DXVVLDQ
LQSUDFWLFDO25&V\VWHPVVRLWLVQHFHVVDU\WRGRIXUWKHUUHVHDUFKRQVWRFKDVWLFFRQWURO
WKHRU\IRU25&V\VWHPV   
2&  
2SWLPDO FRQWURO LV RQH RI SURPLVLQJ FRQWURO VWUDWHJLHV IRU 25& FRQWURO V\VWHPV
3HUDOH]HWDODHPSOR\HGDQDGDSWLYHJULGG\QDPLFSURJUDPPLQJ'3DOJRULWKP
WRREWDLQWKHRSWLPDOFRQWUROODZDIUDFWLRQRIHQJLQHH[KDXVWJDVDQGFRQGHQVLQJDLU
IORZE\PD[LPL]LQJWKHQHWSRZHU&RQVWUDLQWVRQZDOOWHPSHUDWXUHDQGSUHVVXUHDUH
WDNHQLQWRDFFRXQWDVZHOO  
$GGLWLRQDOO\ WKH DGDSWLYH JULG '3 DOJRULWKP ZDV H[WHQGHG WR GHVLJQ DQ RSWLPDO
FRQWUROVWUDWHJ\IRUDQ25&EDVHGHQJLQHZDVWHKHDWUHFRYHU\V\VWHPLQ3HUDOH]HWDO
'\QDPLFUHDOWLPHRSWLPL]DWLRQLVXVHGWRSURGXFHWKHRSWLPDOVHWSRLQWVIRUWKH
25& SUHVVXUHV LQ KLJKOHYHO :KLOH '3 DOJRULWKP LV XVHG WR FDOFXODWH WKH RSWLPDO
FRQWUROVLJQDOVLQORZOHYHO$IUDFWLRQRIHQJLQHH[KDXVWJDVDQGFRQGHQVLQJDLUIORZ
DUHREWDLQHGE\PD[LPL]LQJWKHUHFRYHUHGHQHUJ\,QDGGLWLRQWKHFRQGHQVLQJDLUIORZ
FDQEHFDOFXODWHGE\PD[LPL]LQJWKHQHWSRZHUDVZHOO7KHRSWLPDOFRQWUROLQSXWRI
WKH25&V\VWHPFDQEHVROYHGE\PLQLPL]LQJIROORZLQJSHUIRUPDQFHLQGH[ 
 
0
( ) ( ) ( , )ftOC turb pump fanJ P t P t P u t dt   ³               
ZKHUH ( )turbP t  LVWKHSURGXFHGSRZHUE\WKHWXUELQH ( )pumpP t  DQG ( , )fanP u t  DUHWKH
SRZHUVFRQVXPHGE\WKHSXPSDQGWKHFRROLQJV\VWHPUHVSHFWLYHO\7KHERXQGVRQWKH
FRQWURO LQSXWV  DQG VHFXULW\ FRQVWUDLQW RQ SUHVVXUH  LV DOVR FRQVLGHUHG IRU WKH
SURSRVHGRSWLPDOFRQWURODSSURDFK 
( ) [0,1] [0,4], t [0, ]fu t t u                   
ZKHUH WKH IUDFWLRQ RI H[KDXVW JDV LV ERXQGHG E\ [0,1]  ZKHUHDV WKH DLU PDVV IORZ
SURYLGHGE\WKHIDQLVOLPLWHGWR [0,4kg / s]  
1( ) 25bar, [0, ]fp t t td                     
$OWKRXJK WKH QHW SRZHU RU WKH UHFRYHUHG HQHUJ\ RI WKH 25& V\VWHP PLJKW EH
PD[LPL]HGKRZHYHUQXPHULFDOFDOFXODWLRQEXUGHQ LQFUHDVHVZLWK WLPHEHFDXVH WKH
FRVW IXQFWLRQ WREHRSWLPL]HG LV DQDFFXPXODWLYH LQGH[ UDWKHU WKDQDQ LQVWDQW LQGH[
0RUHRYHUWKHFRQWURODOJRULWKPGHSHQGVRQWKHPRGHORIWKH25&V\VWHP7ZRVWDWH
PRGHOPLJKWQRWFRPSOHWHO\FKDUDFWHUL]HWKHG\QDPLFVRIUHDO25&V\VWHPV    
7KHRSWLPDOFRQWURODOJRULWKPREWDLQVDQRSWLPDOFRQWUROODZE\PLQLPL]LQJDFHUWDLQ
FRVWIXQFWLRQSHUIRUPDQFHLQGH[7KHREMHFWLYHVRIRSWLPL]DWLRQLQ25&V\VWHPVDUH
JHQHUDOO\HQHUJ\FRQVXPSWLRQQHWSRZHUFRQWUROHIIRUWFORVHGORRSWUDFNLQJHUURU,Q
DGGLWLRQVRPHFRQVWUDLQWVRQ&9VDQG09VFDQEHFRQVLGHUHGE\VROYLQJRSWLPL]DWLRQ
SUREOHPZLWKFRQVWUDLQWV  
03&          
03&KDVEHHQDSSOLHGLQ25&SURFHVVHVGXHWRLWVHIILFLHQWFRQWURORIPXOWLYDULDEOH
V\VWHPVZLWKVWURQJFRXSOLQJVGLVWXUEDQFHVDQGRSHUDWLQJFRQVWUDLQWV$VHWRIFRQWURO
VLJQDOVDUHREWDLQHGE\RSWLPL]LQJDSURSHUFRVWIXQFWLRQRYHUWKHSUHGLFWLRQKRUL]RQ
EDVHGRQSUHGLFWHGPRGHO7KHILUVWHOHPHQWRIWKHFDOFXODWHGFRQWUROYHFWRUDWFXUUHQW
VDPSOLQJLQVWDQWLVVHQWWRWKHDFWXDWRU 
$IRXULQSXWIRXURXWSXW-4JHQHUDOL]HGSUHGLFWLYHFRQWUROVWUDWHJ\ZDVSUHVHQWHG
IRU25&V\VWHPV =KDQJHWDOD LQZKLFK WKHG\QDPLFVRI WKH25&SODQW LV
IRUPXODWHG E\ D FRQWUROOHG DXWRUHJUHVVLYH LQWHJUDWHG PRYLQJ DYHUDJH &$5,0$
PRGHO 7KH RSWLPDO FRQWURO ODZ FDQ EH VROYHG E\ PLQLPL]LQJ WKH IROORZLQJ FRVW
IXQFWLRQ 
  2 2
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 
ZKHUH Ö( )y k j k  LVDQRSWLPDO j VWHSDKHDGSUHGLFWLRQRIWKH&9VXSWRWLPH k 
VDPSOLQJ SHULRGV ( )ry k j  D IXWXUH VHWSRLQWV RI WKH &9V yN  DQG uN  DUH
SUHGLFWLRQKRUL]RQDQGFRQWUROKRUL]RQUHVSHFWLYHO\ R  DQG  Q  DUHSRVLWLYHGHILQLWH
ZHLJKWLQJPDWULFHVUHVSHFWLYHO\ 
6LPXODWLRQ UHVXOWV DUH JLYHQ WR WHVW WKH ORDG IROORZLQJ FDSDELOLW\ DQG VHWSRLQWV
WUDFNLQJSHUIRUPDQFHRIWKHWKURWWOHSUHVVXUHWKHVXSHUKHDWHGYDSRUWHPSHUDWXUHDQG
ZRUNLQJ IOXLG WHPSHUDWXUH DW WKH RXWOHW RI WKH FRQGHQVHU$GGLWLRQDOO\ GLVWXUEDQFH
UHMHFWLRQFDSDELOLWLHVDUHDOVRWHVWLILHG+RZHYHUFRQVWUDLQWVRQERWK&9VDQG09VDUH
QRWWDNHQLQWRDFFRXQWLQWKHSURSRVHG03&VWUDWHJ\7KHVLPXODWLRQWHVWVDUHGHVLJQHG
IRU WKH 25& V\VWHP RSHUDWLQJ DURXQG D VSHFLILHG QRPLQDO RSHUDWLQJ FRQGLWLRQ QR
IXUWKHUUHVHDUFKRQZLGHUDQJHFRQWUROLVUHSRUWHG 
,Q D GLIIHUHQW VWXG\ D IRXULQSXW IRXU RXWSXW -4 FRQVWUDLQHG PRGHO SUHGLFWLYH
FRQWUROVWUDWHJ\ZDVDSSOLHGLQWRDQ25&EDVHGVRODUWKHUPDOSRZHUSODQWLQ5DKPDQL
HWDO$QRQOLQHDUVWDWHVSDFHPRGHOLVLGHQWLILHGIRUWKH25&SRZHUSODQWLWV
OLQHDUL]HG VWDWH VSDFH PRGHO LV WKHQ HVWDEOLVKHG DQG SURYLGHG IRU WKH 03& ZLWK
FRQVWUDLQWVRQSURFHVVYDULDEOHV7KHUHDUHVRPHGLIIHUHQFHV LQFKRRVLQJ&9VDQG
SDLUHG09VEHWZHHQWZRVFKHPHVSUHVHQWHGLQ=KDQJHWDOD5DKPDQLHWDO
 7KH VHOHFWHG &9V DUH WKH QHW SRZHU VXSHUKHDWLQJ WKH WHPSHUDWXUH RI WKH
ZRUNLQJIOXLGDWWKHLQOHWRIWKHWXUELQHDQGWKHSUHVVXUHDWWKHRXWOHWRIWKHWXUELQH7KH
FRUUHVSRQGLQJ09VLQFOXGHVURWDWLRQDOIUHTXHQF\RIWKHPRWRUSXPSYROXPHIORZUDWH
RI KRW KHDW VRXUFH URWDWLQJ VSHHGV RI ERWK WKH YHQWLODWRU DQG WKH FLUFXODWLRQ SXPS
$OWKRXJKQRQOLQHDU03&VWUDWHJ\LVHIIHFWLYHLQ25&FRQWUROV\VWHPVEXWLWUHTXLUHV
V\VWHPLGHQWLILFDWLRQRUFRPSOH[PDWKHPDWLFDODQDO\VLV  
*UHOHW HW DO  HPSOR\HG DQ H[SOLFLW PXOWLSOH 03& WR FRQWURO WKH IOXLG
WHPSHUDWXUHDWWKHLQOHWRIWKHH[SDQGHULQDQ25&EDVHGZDVWHKHDWUHFRYHU\V\VWHP
PRXQWHG RQ D KHDY\ GXW\ WUXFN HQJLQH 7KH IOXLG WHPSHUDWXUH DW WKH LQOHW RI WKH
H[SDQVLRQ PDFKLQH LV FRQWUROOHG E\ PDQLSXODWLQJ WKH ZRUNLQJ IOXLG PDVV IORZ UDWH
HQWHULQJWKHHYDSRUDWRU7KHPRGHORIWKHFRQWUROOHGSODQWLVLGHQWLILHGDQGUHSUHVHQWHG
E\DVHULHVRIILUVWRUGHUSOXVWLPHGHOD\)237'PRGHOV6LPXODWLRQUHVXOWVLOOXVWUDWH
WKDW PXOWLSOH 03& LV VDWLVIDFWRU\ EDVHG RQ WZR )237' PRGHOV ZKLFK GHVFULEH WKH
G\QDPLFVRIWKH25&V\VWHPRSHUDWLQJLQKLJKORZORDGRSHUDWLQJSRLQWVUHVSHFWLYHO\
,QGHHGLW LVDIDVWFRQWURODOJRULWKPZLWKRXWRQOLQHRSWLPL]DWLRQ:LGHUDQJHFRQWURO
EDVHGRQWKHSURSRVHGPXOWLSOH03&VWUDWHJ\LVQRWUHSRUWHG    
$VZLWFKLQJ03&VWUDWHJ\ZDVSUHVHQWHGWRUHMHFWGLVWXUEDQFHVFDXVHGE\WKHGLHVHO
HQJLQHZDVWHKHDWRI(XUR9,KHDY\GXW\WUXFNLQUHDORQURDGGULYLQJFRQGLWLRQV)HUX
HWDO7KH25&EDVHGZDVWHKHDWUHFRYHU\V\VWHPRSHUDWLQJDUHDLVGLYLGHGLQWR
WKUHH UHJLRQV LQ ZKLFK 03& FRQWUROOHUV DUH DVVLJQHG UHVSHFWLYHO\ 7ZR SDUDOOHO
HYDSRUDWRUVSURYLGHWKHUPDOHQHUJ\WRRQHH[SDQGHULQWKLV25&V\VWHPWZRE\SDVV
YDOYHVPDQLSXODWHWKHHWKDQROIORZUDWHVLPXOWDQHRXVO\VXFKWKDWWKHYDSRUVWDWHDWWKH
RXWOHWRIWKHHYDSRUDWRUVLVPDLQWDLQHGLQWKHSUHVHQFHRIHQJLQHGLVWXUEDQFHV&9VDUH
WKHYDSRUIUDFWLRQDIWHUWKHH[KDXVWJDVUHFLUFXODWLRQDQGH[KDXVWHYDSRUDWRU6LPXODWLRQ
UHVXOWVVKRZWKDWWKHSURSRVHGVZLWFKLQJ03&FDQDFKLHYHEHWWHUFRQWUROSHUIRUPDQFH
WKDQQRQOLQHDU03&DQG3,FRQWUROOHU,QRUGHUWRSXWWKHSURSRVHGFRQWURODOJRULWKP
LQWRSUDFWLFHWKHvapor fraction measurement equipment or an estimator is needed to 
measure the CVs. 
&RPSRXQGFRQWURO  
&RPSRXQG FRQWURO VWUDWHJLHV DUH REWDLQHG E\ WKH IXVLRQ RI GLIIHUHQW FRQWURO
WHFKQLTXHV 6HYHUDO FRPSRXQG FRQWUROOHUV KDYH EHHQ SUHVHQWHG IRU 25& FRQWURO
V\VWHPV  
03&(.) 
6LQFHQRWDOOV\VWHPVWDWHVDUHDYDLODEOHIRUPHDVXUHPHQWLWLVUHDVRQDEOHWRHVWLPDWH
XQNQRZQ V\VWHP VWDWHV XVLQJ ILOWHULQJ DOJRULWKPV $ WKUHHLQSXW WZRRXWSXW -2
PXOWLYDULDEOH03&ZLWKH[WHQGHG.DOPDQILOWHU(.)ZDVXWLOL]HGLQ25&V\VWHPVLQ
/XRQJ DQG 7VDR E (.)V DUH GHVLJQHG IRU HVWLPDWLQJ WKH VWDWHV RI ERWK WKH
HYDSRUDWRUDQGWKHFRQGHQVHU03&FDQREWDLQEHWWHUFRQWUROSHUIRUPDQFHWKDQERWK3,
DQG/4,LQWHUPVRIUHGXFLQJSUHVVXUHUHJXODWLRQHUURUVDQGLQFRUSRUDWLQJFRQVWUDLQWV
RQFRQWUROODZ+RZHYHUIXUWKHUUHVHDUFKRQZLGHUDQJHFRQWUROLVQHHGHG 
&DVFDGHFRQWURO$'5& 
6KLHWDODSSOLHGDFRPSRXQGFRQWUROVWUDWHJ\FRPELQHGFDVFDGHFRQWUROZLWK
WZRDFWLYHGLVWXUEDQFHUHMHFWLRQFRQWUROOHUV$'5&VWRDQ25&EDVHGHQJLQHZDVWH
KHDW UHFRYHU\ V\VWHP LQ ZKLFK WKH SULPDU\ &9 WKH VXSHUKHDWLQJ LV FRQWUROOHG E\
PDQLSXODWLQJWKHPDVVIORZUDWHRIWKHHQJLQHH[KDXVWJDVDQGWKHVHFRQGDU\&9WKH
RSHQLQJRIHDFKYDOYHLQH[KDXVWJDVPL[WXUHUHFLUFXODWLRQE\WKHFRUUHVSRQGLQJYDOYH
YROWDJH7KH$'5&VWUDWHJ\LVXWLOL]HGLQERWKRXWHUDQGLQQHUORRSV7KHH[WHUQDOKHDW
VRXUFHGLVWXUEDQFHDQGWKHLQWHUQDOSDUDPHWULFXQFHUWDLQWLHVFDQEHUHVWUDLQHGHIILFLHQWO\
7KH $'5& REWDLQV SURPLVLQJ UHVXOWV EXW WXQLQJ WKH FRQWUROOHU SDUDPHWHUV LV
FXPEHUVRPH7KLVZRUNRQO\LQYHVWLJDWHVXSHUKHDWLQJFRQWUROODZIRU25&V\VWHPV
FRQWUROPHWKRGRIRWKHUNH\SURFHVVYDULDEOHVDUHQRWUHSRUWHG  
3,'))&&RPSHQVDWRU 
$Q LPSURYHG VFKHPH EDVHG RQ SURSRUWLRQDOLQWHJUDO IHHGIRUZDUG DQG OHDGODJ
FRPSHQVDWRU ZDV SURSRVHG IRU DQ 25& FRQWURO V\VWHP LQ RIIJULG LVODQG PRGH LQ
8VPDQHWDO([SHULPHQWDOLQYHVWLJDWLRQKDVEHHQGRQHIRUDQRIIJULG25&
V\VWHPVXEMHFWHGWRORDGGLVWXUEDQFHWKHURWDWLQJVSHHGRIWKHH[SDQGHUFDQWUDFNLWV
VHWSRLQWTXLFNO\ZKLOHWKHLQOHWSUHVVXUHRIWKHH[SDQGHUYDULHVZLWKORDGGHPDQG  
,QDGGLWLRQDFRPSRXQGFRQWUROVFKHPHFRPELQHG3,'FRQWUROZLWK))&ZDVXVHG
IRU DQ 25& EDVHG HQJLQH ZDVWH KHDW UHFRYHU\ V\VWHP LQ 7RUUHJURVD HW DO 
DOWKRXJKWKH))&DOJRULWKPZDVQ¶WUHYHDOHGLQGHWDLO   
7KHFRQWUROOHGV\VWHPVKRZQLQILJXUHLVDVHFWLRQRIDJHRWKHUPDO25&SRZHU
SODQW3DGXODHWDO7KHPHFKDQLFDOVLGHRIWKH25&SODQWLVPDLQO\FRPSRVHG
E\WKHWZRWXUELQHVDQGWKHUHODWLYHSLSLQJDQGYDOYHV7KHFRQWURORIWKHWXUELQHVSHHG
LVRIPDLQFRQFHUQZKHQWKH25&SRZHUSODQWFRQQHFWVWRWKHJULGQRUPDORUDVWDQG
DORQHORDGLVODQGPRGH7KHWXUELQHLQOHWVDUHUHJXODWHGE\WKHYDOYHV+79+79
/79/79DQG+797KHILUVW IRXUYDOYHVDUHNHSWFRPSOHWHO\RSHQZKHQ WKH
SODQWGHOLYHUV HOHFWULFSRZHU WR WKH JULG:KHQ WKH25&SRZHUSODQW LV ZRUNLQJ LQ
LVODQGPRGH WKH ILUVW IRXU YDOYHV DUH FRPSOHWHO\ FORVHG DQG WKH ORZ WHPSHUDWXUH
SUHVVXUHWXUELQHLVVZLWFKHG WKHFRQWUROYDOYH+79LVXVHGWRFRQWURO WKHSODQW$
FRPSRXQGFRQWUROOHU WKDWFRPELQHVDQHYHQWGULYHQ3, FRQWUROOHUZLWK))FRQWUROOHU
VHQGWKHFRQWUROVLJQDOVWRWKHYDOYHPRWRUV 
 
 Figure 3. Diagram of the ORC Plant power section (Padula et al., 2012) 
:KHQ WKH 25& SRZHU SODQW LV VZLWFKHG IURP WKH QRUPDO RSHUDWLRQ PRGH JULG
FRQQHFWHGWRWKHLVODQGRQHVWDQGDORQHWKHHOHFWULFEUDNHUHJXODWHGE\QRQOLQHDU))
FRQWUROOHUGLVVLSDWHVWKHH[FHVVRISRZHUSURGXFHGLQRUGHUWRDYRLGH[FHVVLYHWXUELQH
VSHHGRYHUVKRRW   
*6&3,'))&(.)  
$ FRPSRXQG FRQWURO VWUDWHJ\ ZDV SURSRVHG IRU UHJXODWLQJ WKH VXSHUKHDWLQJ RI DQ
25&EDVHGHQJLQHZDVWHKHDWUHFRYHU\V\VWHPE\FRPELQLQJ3,'IHHGEDFNFRQWUROOHU
ZLWKIHHGIRUZDUGFRQWUROOHU LQ 3HUDOH]HWDO'\QDPLF))&WHUPLVREWDLQHG
IURPDQRQOLQHDUUHGXFHGPRGHORIWKHKLJKSUHVVXUHSDUWRIWKH25&V\VWHPZKLOHD
JDLQVFKHGXOLQJ *6 3,' FRQWUROOHU LV WXQHG EDVHG RQ LGHQWLILHG PRGHO 7KH
VXSHUKHDWLQJ FRQWURO SHUIRUPDQFH LV LPSURYHG QHYHUWKHOHVV LW QHHGV DQ H[WHQVLYH
LQYHVWLJDWLRQRQV\VWHPLGHQWLILFDWLRQVRDVWRREWDLQDUHOLDEOHFRQFLVHDQGORZWLPH
FRQVXPLQJPRGHO,QDGGLWLRQWKHFRQWUROPHWKRGRIRWKHUPDLQSURFHVVYDULDEOHVLV
QRWLQWURGXFHG  
/DWHUWKLVFRPSRXQGFRQWUROVWUDWHJ\ZDVH[WHQGHGWRDWZRLQSXWWZRRXWSXW熺
 25& V\VWHP LQ 3HUDOH] HW DO E PRUHRYHU WKH XQPHDVXUDEOH VWDWHV DUH
HVWLPDWHGXVLQJDQLPSOLFLW(.)6LPXODWLRQUHVXOWVLQGLFDWHVWKDWERWKWKHVXSHUKHDWLQJ
DQGWKHHYDSRUDWLQJSUHVVXUHKDYHEHHQVXFFHVVIXOO\FRQWUROOHG  
5HFHQWO\ PRUH GHWDLOV KDYH EHHQ GHPRQVWUDWHG LQ 3HUDOH] HW DO  VRPH
H[SHULPHQWDOUHVXOWVRQVXSHUKHDWLQJFRQWUROWHVWLI\WKHHIIHFWLYHQHVVRIWKHSURSRVHG
FRPSRXQG DOJRULWKP WKDW LQWHJUDWHV JDLQ VFKHGXOLQJ 3,' ))& DQG (.) WRJHWKHU
6LPXODWLRQUHVXOWVRQSUHVVXUHFRQWUROKDYHEHHQLOOXVWUDWHGUDWKHUWKDQH[SHULPHQWDO
UHVXOWV,WLVQRWHDV\WRWXQHWKHSDUDPHWHUVRIWKHSURSRVHGFRPSRXQGFRQWUROVWUDWHJ\  
 $'5&'HFRXSOLQJ 
=KDQJHWDOESURSRVHGDFRPSRXQGFRQWUROVWUDWHJ\FRPELQHGDOLQHDU$'5&
ZLWKDVWDWLFGHFRXSOLQJFRPSHQVDWRUIRUDQ25&EDVHGZDVWHKHDWUHFRYHU\V\VWHP
ZKRVH PRGHO LV REWDLQHG E\ DSSO\LQJ WKH V\VWHP LGHQWLILFDWLRQ WHFKQLTXH 7KH
GLVWXUEDQFHVH[LVWHGLQWKH25&V\VWHPDUHHVWLPDWHGWKURXJKDQH[WHQGHGOLQHDUVWDWH
REVHUYHUDQGWKHQFRPSHQVDWHGE\DOLQHDUIHHGEDFNFRQWUROVWUDWHJ\7KHGHFRXSOLQJ
FRPSHQVDWRU GHVLJQHGEDVHGRQ WKH VLPSOLILHG OLQHDU 25&PRGHO FDQDOOHYLDWH WKH
LQWHUDFWLRQVDPRQJSURFHVVYDULDEOHVKHQFHLWLVHDVLHUWRWXQHWKHSDUDPHWHUVRIWKH
SURSRVHG$'5& VWUDWHJ\7KH WHPSHUDWXUH RI WKH ZRUNLQJ IOXLG DW WKH RXWOHW RI WKH
FRQGHQVHUFDQEHHDVLO\FRQWUROOHGE\DVLQJOHFORVHGORRSFRQWUROV\VWHPWKHUHIRUHD
WKUHHLQSXW WKUHHRXWSXW  î  PXOWLYDULDEOH FRQWURO V\VWHP LV LQYHVWLJDWHG IRU WKH
25&V\VWHP6LPXODWLRQUHVXOWVVKRZWKDWWKHSURSRVHGFRQWUROVWUDWHJ\FDQSURYLGH
VDWLVIDFWRU\ VHWSRLQW WUDFNLQJ SHUIRUPDQFH DQG GLVWXUEDQFH UHMHFWLRQ 7KH SURSRVHG
FRQWUROVWUDWHJ\ZLWKRXWUHTXLULQJDQDFFXUDWHPDWKHPDWLFDOPRGHOIRUWKHZDVWHKHDW
UHFRYHU\ V\VWHP LV D VLJQLILFDQW SURJUHVV IRU WKLV W\SH RI SURFHVVHV 7KLV SUDFWLFDO
FRQWUROVWUDWHJ\LVHDV\WRXQGHUVWDQGDQGLPSOHPHQWPDNLQJLWDQDSSHDOLQJPHWKRG
WRUHDODSSOLFDWLRQV1HYHUWKHOHVVLWLVVWLOOQHFHVVDU\WRLQYHVWLJDWHWKHPHWKRGVWRWXQH
WKHSDUDPHWHUVRIWKHQRQOLQHDU$'5&IRU25&FRQWUROV\VWHPVLQIXWXUH 
4. Control systems for the FTE mode 
:KHQDQ25&V\VWHPLVRSHUDWLQJLQ)7(PRGHLWFDQEHREVHUYHGWKDWWKHURWDWLQJ
VSHHGRIWKHH[SDQGHULVXVXDOO\YDU\LQJZLWKWKHKHDWVRXUFH,QDGGLWLRQWKHPDVVIORZ
UDWHDQGWKHWHPSHUDWXUHWKHKHDWVRXUFHDWWKHLQOHWRIWKHHYDSRUDWRUDUHQRWVHOHFWHG
DV09VRU&9V  
7KLVNLQGRI25&SRZHUSODQWLVUHTXLUHGWRGHDOZLWKVRPHSUREOHPVHQFRXQWHUHG
LQ ZLQG SODQWV RU VRODU SODQWV UDWKHU WKDQ FRQYHQWLRQDO WKHUPDO SRZHU SODQWV 7KH
REMHFWLYHRIWKHFRQWUROV\VWHPLVWRPDLQWDLQWKHRXWOHWWHPSHUDWXUHRUWKHVXSHUKHDWLQJ
RIWKHHYDSRUDWRUWKHRXWOHWWHPSHUDWXUHRUWKHVXEFRROLQJRIWKHFRQGHQVHUDQGWKH
HYDSRUDWLQJ SUHVVXUH DW GHVLUHG VHWSRLQWV LQ VSLWH RI WKH GLVWXUEDQFHV LQGXFHG IURP
IOXFWXDWLRQVLQWKHORZJUDGHWKHUPDOHQHUJ\VRXUFHWKHSXPSDQGWKHH[SDQGHU7KXV
ZKHQWKHSXPSURWDWLQJVSHHGIRUDGMXVWLQJZRUNLQJIOXLGWKHH[SDQGHUURWDWLQJVSHHG
RUWKHVKDIWWRUTXHIRUDGMXVWLQJHYDSRUDWLQJSUHVVXUHRUWHPSHUDWXUHDQGWKHSXPS
RU WKH IDQ URWDWLQJ VSHHG IRU DGMXVWLQJ ZDWHU RU DLU HQWHULQJ WKH FRQGHQVHU DUH
PDQLSXODWHGGXULQJRSHUDWLRQWKHH[SHFWHGWUDQVLHQWUHVSRQVHPLJKWEHREWDLQHG  
  3,&RQWURO  
7KUHHFRQWUROVFKHPHVZHUHSURSRVHGLQ4XRLOLQHWDOWKHVXSHUKHDWLQJLV
FRQWUROOHGZLWKWKHSXPSIORZUDWHDQGWKHHYDSRUDWLQJWHPSHUDWXUHZLWKWKHH[SDQGHU
VSHHG7ZRLQGHSHQGHQWVLQJOH3,FRQWUROORRSVDUHHPSOR\HGLQVFKHPH$GGLQJWKH
RSWLPDO VHWSRLQWRI WKH HYDSRUDWLQJ WHPSHUDWXUH WR VFKHPH OHDGV WR VFKHPH ,Q
VFKHPHWKHHYDSRUDWLQJWHPSHUDWXUH3,FRQWUROORRSLVVDPHDVWKDWLQVFKHPH$
IDVWHUUHDFWLRQRIWKHSXPSFDQEHDFKLHYHGWRGHDOZLWKYDU\LQJRSHUDWLQJFRQGLWLRQV
GXHWRWKH))&DGRSWHGLQWKHVXSHUKHDWLQJFRQWUROORRSZKHUHWKHFRUUHODWHGRSWLPDO
SXPSIORZUDWHUHJDUGHGDVWKH))&VLJQDOLVGHILQHGE\DOLQHDUO\FRPELQHGIRUPXOD
ZKRVH FRHIILFLHQWV QHHG EH LGHQWLILHG LQ DGYDQFH 7KH OLQHDU UHJUHVVLRQ IRUPXOD WR
SUHGLFWWKHRSWLPDOHYDSRUDWLQJWHPSHUDWXUHLQVFKHPHLVGHWHUPLQHGE\VWXG\LQJWKH
25&V\VWHP LQPDQ\RSHUDWLQJSRLQWV VR LV WKHRSWLPDOZRUNLQJ IOXLG IORZ UDWH LQ
VFKHPH 7KH FRQWURO SHUIRUPDQFH GHJUDGHV LI WKH RSHUDWLQJ FRQGLWLRQV YDU\ IURP
QRPLQDOFRQGLWLRQ  
 GSC 
$JDLQVFKHGXOLQJFRQWURO *6&VWUDWHJ\ZDVSURSRVHGIRU25&EDVHZDVWHKHDW
UHFRYHU\V\VWHPVRYHUDZLGHUDQJHRIRSHUDWLRQFRQGLWLRQVLQ=KDQJHWDOD
7KHQRQOLQHDUG\QDPLFVRIWKH25&V\VWHPLVIRUPXODWHGE\DQDIILQHOLQHDUSDUDPHWHU
YDU\LQJ/39V\VWHPZKRVHVFKHGXOLQJSDUDPHWHUVDUHVHOHFWHGDVWKHPDVVIORZUDWH
DQGWKHWHPSHUDWXUHDWWKHLQOHWRIWKHHYDSRUDWRU7KH/39FRQWUROOHUVKRXOGJXDUDQWHHV
WKHTXDGUDWLF Hf  SHUIRUPDQFH J  IRUWKHFORVHGORRSV\VWHP zwT  DVIROORZV 
zwT Jf                            
6LPXODWLRQ UHVXOWV LOOXVWUDWH WKDW WKH JDLQ VFKHGXOLQJFRQWUROOHUEDVHGRQ WKH /39
PRGHOFDQDFKLHYHVDWLVIDFWRU\FRQWUROSHUIRUPDQFHRYHUDZLGHUDQJHRSHUDWLQJUHJLRQ
7KHFRPSDULVRQVEHWZHHQ*6&DQGFRQYHQWLRQDO3,FRQWUROKDVEHHQLQYHVWLJDWHGLQ
=KDQJHWDOD7DNHWKHUREXVWQHVVWHVWDVDQLOOXVWUDWLYHH[DPSOHILJXUHVKRZ
YDULDWLRQVRI&9VDQG09VZKHQWKHRSHUDWLQJFRQGLWLRQRIWKH25&V\VWHPYDULHVDV
VKRZQLQ)LJ7KHUHVSRQVHVRIWKH&9VDFKLHYHVPDOOHUGHYLDWLRQIURPLWVVHWSRLQW
DQGVHWWOLQJWLPHXVLQJWKHJDLQVFKHGXOLQJFRQWUROOHUEDVHGRQ/39PRGHO,WLVFOHDU
IURP)LJWKDWWKH*6&UHTXLUHVOHVVHQHUJ\WKDQ3,FRQWUROOHUE\FRPSDULQJWKH09V
)LJXUH  VKRZV WKH VXSHULRULW\ RI *6& E\ FRPSDULQJ QHW RXWSXW SRZHU DQG RYHUDOO
HIILFLHQF\RIWKH25&V\VWHP  
 )LJXUH9DULDQFHRIRSHUDWLQJFRQGLWLRQ=KDQJHWDOD  
 
 
)LJXUH9DULDWLRQVRI&9VDQG09V=KDQJHWDOD 
0 200 400 600 800 1000 1200
0.8
0.85
0.9
0.95
1
_m
a
(kg
/s
)
0 200 400 600 800 1000 1200
178
179
180
181
182
183
time(s)
T a
(o C
)
0 200 400 600 800 1000 1200
0
2000
4000
time(s)Ev
ap
or
at
in
g 
pr
es
su
re
(kP
a)
 
 
LPV
PI
Pev-ref
0 200 400 600 800 1000 1200
8
10
12
time(s)
Su
pe
rh
ea
t(o
C)
 
 
LPV
PI
Tsup-ref
0 200 400 600 800 1000 1200
1500
2000
time(s)E
x
pa
nd
er
 
sp
ee
d(r
/m
in
)
 
 
LPV
PI
0 200 400 600 800 1000 1200
0
500
1000
time(s)
Pu
m
p 
sp
ee
d(r
/m
in
)
 
 
LPV
PI
 )LJXUH1HWRXWSXWSRZHUDQGRYHUDOOHIILFLHQF\=KDQJHWDOD 
+RZHYHU 25& FRQWURO V\VWHPV RYHU HQWLUH RSHUDWLQJ UDQJH DUH QRW UHSRUWHG LQ
=KDQJHWDODPRUHDSSURSULDWH/39PRGHOVVKRXOGEHEXLOWWRLPSURYHFRQWURO
SHUIRUPDQFHLQIXWXUH  
03& 
$FRQVWUDLQHG03&VWUDWHJ\VKRZQLQILJXUHZDVSUHVHQWHGIRUDQ25&V\VWHP
RSHUDWLQJLQ)7(PRGHLQ=KDQJHWDOF7KLVWKUHHLQSXWWKUHHRXWSXW熺
PXOWLYDULDEOH V\VWHP REWDLQV VDWLVIDFWRU\ FRQWURO SHUIRUPDQFH ,Q WKLV ZRUN WKH
WHPSHUDWXUHDWWKHRXWOHWRIWKHFRQGHQVHUWKHVXEFRROLQJEHFRPHVD&9UHJXODWHGE\
WKH PDVV IORZ UDWH RI WKH FRQGHQVLQJ IOXLG IRU LPSURYLQJ WKH HQHUJ\ FRQYHUVLRQ
HIILFLHQF\ 7KH FRQVWUDLQWV RQ ERWK &9V DQG 09V DUH LQFOXGHG WR JXDUDQWHH WKH
FRQWUROOHG25&V\VWHPRSHUDWLQJZLWKLQVDIHRSHUDWLQJUHJLRQ7KHUHDUHWZRNLQGVRI
09FRQVWUDLQWVVKRZQDVLQHTXDOLWLHVDQGLQWKLVFRQWUROV\VWHP,QDGGLWLRQ&9
FRQVWUDLQWVVKRZQLQLQHTXDOLW\DUHFULWLFDOWRJXDUDQWHHWKHFRQWUROOHG25&V\VWHP
ZLWKLQWKHVDIHRSHUDWLQJUHJLRQ 
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ZKHUH maxu'  LV PD[LPXP UDWH RI WKH FRQWURO LQSXW u  DQG u  DUH PD[LPXP DQG 
PLQLPXPLQSXWYDOXHVUHVSHFWLYHO\ 
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ZKHUH y  DQG y  DUHPD[LPXPDQGPLQLPXPRXWSXWYDOXHVUHVSHFWLYHO\ 
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Constrainned 
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Control
ORC process
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)LJXUH&RQVWUDLQHG03&RI25&V\VWHPV=KDQJHWDOF 
7KHGLVWXUEDQFHVIURPWKHZDVWHKHDWVRXUFHVKRZQLQ)LJWKHWHPSHUDWXUH aiT 
DQGWKHIORZUDWH aim   DUHLPSRVHGGXULQJWKHWHVW7KHFRQWUROOHG25&V\VWHPPD\
DGDSWWRWKHYDULDWLRQVRIWKHWHPSHUDWXUHDQGIORZUDWHKHQFHWKHZDVWHKHDWFDQEH
GHHSO\UHFRYHUHG  
7KH YDULDWLRQV RI 09V VKRZQ LQ )LJ  D GHPRQVWUDWH WKDW WKH PDQLSXODWHG
VLJQDOVOLHZLWKLQWKHIHDVLEOHUHJLRQ,Q)LJEWKHGDVKOLQHVUHSUHVHQWWKHVHWSRLQWV
FRUUHVSRQGLQJWRHDFK&9V,WLVFOHDUWKDWWKH&9VDUHNHSWZLWKLQSURSHUUDQJHVGHVSLWH
WKHIOXFWXDWLRQVRIWKHWHPSHUDWXUHDQGIORZUDWHRIZDVWHKHDWVRXUFH  
 )LJXUH)OXFWXDWLRQRIZDVWHKHDWDQGUHVSRQVHRIRXWSXWSRZHU=KDQJHWDO
F 
D9DULDWLRQVRI09V               E5HVSRQVHVRI&9V 
 )LJXUH(YROXWLRQVRI09VDQG&9V=KDQJHWDOF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7KHG\QDPLFVRIWKH25&SURFHVVLVLGHQWLILHGDQGIRUPXODWHGE\FRQWUROOHGDXWR
UHJUHVVLYH LQWHJUDWHGPRYLQJDYHUDJHPRGHO LW LVQHFHVVDU\ WR LQYHVWLJDWHQRQOLQHDU
03&IRU25&V\VWHPVLQIXWXUH    
$WZRLQSXWWZRRXWSXW03&VWUDWHJ\ZDVDSSOLHGLQWRDQ25&ZDVWHKHDWUHFRYHU\
V\VWHP IRU LQFUHDVLQJ LWV HIILFLHQF\ LQ +HUQDQGH] HW DO  7ZR &9V WKH
VXSHUKHDWLQJ DQG WKH HYDSRUDWLQJ WHPSHUDWXUH DUH UHJXODWHG E\ PDQLSXODWLQJ WKH
URWDWLQJ VSHHGV RI ERWK WKH SXPS DQG WKH H[SDQGHU UHVSHFWLYHO\ &RPSDUHG ZLWK D
GHFHQWUDOL]HG3,FRQWUROOHUWKHH[WHQGHGSUHGLFWLRQVHOIDGDSWLYHFRQWURODOJRULWKPFDQ
DFKLHYHDKLJKHUDYHUDJHHIILFLHQF\+HUQDQGH]HWDOWKDWLVWRVD\DKLJKHU
DYHUDJHQHWSRZHUFDQEHREWDLQHGZLWKOHVVFRQWUROHIIRUW+RZHYHUZLGHUDQJHFRQWURO
LVQRWVWXGLHGLQWKLVZRUN  
/DWHUWKH03&VWUDWHJ\ZDVLPSURYHGE\RSWLPL]LQJWKHVHWSRLQWVRIWKH&9VLQ
+HUQDQGH] HW DO  &RQVLGHULQJ WKH YDULDWLRQV LQ KHDW VRXUFH DQ RSWLPL]HU LV
H[SORUHG WRSURGXFH WKH RSWLPDO VHWSRLQWRI WKH FRQWUROOHG VXSHUKHDWLQJ &RPSDUHG
ZLWKVZLWFKLQJ3,FRQWUROWKH25&V\VWHPXQGHUWKHLPSURYHG03&VWUDWHJ\SURGXFHV
PRUHQHWSRZHU7KHRSWLPDOVHWSRLQWDFWRQWKHVXSHUKHDWLQJUDWKHUWKDQDQRWKHU&9
WKHHYDSRUDWLQJWHPSHUDWXUH,QDGGLWLRQZLGHUDQJHFRQWUROLVQRWVWXGLHG 
5HFHQWO\ D PXOWLSOH 03& VWUDWHJ\ ZDV SURSRVHG IRU 25& V\VWHP WR GHDO ZLWK
QRQOLQHDULW\DQGYDU\LQJRSHUDWLQJFRQGLWLRQVLQ=KDQJHWDOE$PRGHOEDQN
LVEXLOW WRGHVFULEH WKH25&V\VWHPRSHUDWLQJ LQVRPHW\SLFDORSHUDWLQJSRLQWV7KH
FRQWUROVLJQDO LVREWDLQHGEDVHGRQWKHSUHGLFWLRQRXWSXWVRIDOOVXEPRGHODQGWKHLU
FRUUHVSRQGLQJZHLJKWV6LPXODWLRQUHVXOWVWHVWLI\WKHHIIHFWLYHQHVVRIWKH25&V\VWHP
RYHUDZLGHRSHUDWLQJUDQJH7KLVSUDFWLFDOFRQWUROVWUDWHJ\LVHDV\WRXQGHUVWDQGDQG
LPSOHPHQWPRUHRYHULWFDQGHDOZLWKQRQOLQHDULW\FRQVWUDLQWVERWKRQ&9VDQG09V
DQGYDU\LQJRSHUDWLQJSRLQWV+HQFHLWLVVXLWDEOHIRUUHDO25&V\VWHPVDIWHUREWDLQLQJ
WKHSURSHUZHLJKWVFRUUHVSRQGLQJWRVXEPRGHOV   
5& 
$PXOWLYDULDEOHUREXVWFRQWURO5&DOJRULWKPZDVGHVLJQHGIRUDQ25&V\VWHPLQ
=KDQJHWDOE6LPXODWLRQUHVXOWVVKRZWKDWWKHSURSRVHGFRQWUROVWUDWHJ\FDQ
REWDLQ VDWLVIDFWRU\SHUIRUPDQFH LQ VHWSRLQW WUDFNLQJDQGGLVWXUEDQFH UHMHFWLRQ7KLV
VLPSOHVWUXFWXUHGDQGHDV\WRUHDOL]HGFRQWUROOHUGRHVQRWUHTXLUHDSUHFLVHPDWKPRGHO
LWFDQGHDOZLWKJHQHUDOL]HGGLVWXUEDQFHVWKDWLQFOXGHWKHLQWHUQDOXQPRGHOHGG\QDPLFV
WKHH[WHUQDOXQFHUWDLQGLVWXUEDQFHDQGWKHPRGHOLQJHUURUVDQGmake it an appealing 
method to real applications. 
4.5 Neural control (NC) 
A single neuron controller was presented to control the working fluid temperature at 
the outlet of the evaporator (Ren et al., 2016). The survival information potential 
criterion is used to optimize the controller parameters in order that the randomness and 
magnitude of the closed-loop tracking error are as small as possible. The weights of the 
neural controller can be determined by minimizing following performance index 
  ( ) ( )NC k kJ S e S uD DO                    
where 0O !  is the weight. ( )kS eD  and ( )kS uD  are the survival information 
potential of the tracking error and the MV at thk  instant respectively.  
Simulation results show some encouraging results have been achieved. The proposed 
neural control algorithm GRHVQ¶WGHSHQGRQWKHPRGHORIWKHFRQWUROOHG25&SURFHVV
In essence, this control algorithm is a data driven control algorithm which can be 
implemented easily and reject stochastic disturbances.  
2& 
,Q RUGHU WR GHDO ZLWK VWRFKDVWLF GLVWXUEDQFHV LQ 25& V\VWHPV RSWLPDO FRQWURO
DOJRULWKPZKLFKQHHGQ¶WPDNHDQ\DVVXPSWLRQVRQVWRFKDVWLFGLVWXUEDQFHVKDVEHHQ
XVHGLQ25&V\VWHPV$PLQLPXPHUURUHQWURS\FRQWUROOHUZDVGHYHORSHGIRUFRQWURO
WKHVXSHUKHDWLQJRIDQ25&V\VWHPLQ=KDQJHWDOF7KHRSWLPDOFRQWUROOHULV
REWDLQHGE\PLQLPL]LQJDQLPSURYHGHQWURS\FULWHULRQZKLFKFRPELQHVWKHHQWURS\RI
WKHWUDFNLQJHUURUDQGPHDQYDOXHRIWKHVTXDUHGWUDFNLQJHUURU,QDGGLWLRQFRQVWUDLQWV
RQ WKH URWDWLQJ VSHHG RI WKH SXPS LV DOVR FRQVLGHUHG 6LPLODUO\ D PXOWLREMHFWLYH
HVWLPDWLRQ RI GLVWULEXWLRQ DOJRULWKP ZDV DGRSWHG WR REWDLQ DOO WKH SRVVLEOH RSWLPDO
FRQWUROLQSXWVWRFRQWUROWKHZRUNLQJIOXLGWHPSHUDWXUHDWWKHRXWOHWRIWKHHYDSRUDWRU
RIDQ25&V\VWHP=KDQJHWDOE+RZHYHULWLVQHFHVVDU\WRGHWHUPLQHWKHEHVW
FRQWUROLQSXWVIURPDOOFDQGLGDWHV7KHSURSRVHGRSWLPDODOJRULWKPLVQ¶WH[WHQGHGWR
PXOWLYDULDEOH25&FRQWUROV\VWHPV  
Set-points optimization is very important in order that the controlled ORC system 
operates optimally. The optimizer shown in figure 4 produces optimal set-points for the 
constrained MPC in the lower level on basis of optimal operation strategies or data 
mining techniques (Zhang et al., 2014c). A more detailed supervisory control system 
was presented for ORC systems in (Zhang et al., 2014a). In supervisory level, the 
optimal set-points are determined for superheating and evaporating pressure by 
combing support vector machine with genetic algorithm. Following the mass flow rate 
and temperature of heat source, the optimal set-points make controllers produce optimal 
control signals which drive the expander operating at optimal rotating speed, 
accordingly, the energy conversion efficiency can be achieved.   
,WZDVSRLQWHGRXW WKDW WKHRSWLPDOHYDSRUDWLQJ WHPSHUDWXUHFRUUHODWHG WR WKHKHDW
VRXUFHWHPSHUDWXUHWKHFRQGHQVLQJWHPSHUDWXUHDQGWKHZRUNLQJIOXLGPDVVIORZUDWH
LQ WKH VHFRQG FRQWURO VWUDWHJ\ SUHVHQWHG E\ 4XRLOLQ HW DO $ OLQH UHJUHVVLRQ
IRUPXOD IRU SUHGLFWLQJ WKH RSWLPDO HYDSRUDWLQJ WHPSHUDWXUH ZDV REWDLQHG XVLQJ WKH
JROGHQVHFWLRQVHDUFKPHWKRGIRURSHUDWLQJSRLQWVDQGVSHFLILHGRSHUDWLQJFRQGLWLRQV  
5. Conclusions 
&RQWUROVWUDWHJLHVSOD\DQLPSRUWDQWUROHLQKDUYHVWLQJHQHUJ\HIILFLHQWO\IURPORZ
JUDGHWKHUPDOHQHUJ\7KLVSDSHURYHUYLHZVGLIIHUHQWFRQWUROWHFKQLTXHVDQGRXWFRPHV
RI PDQ\ UHVHDUFK ZRUN LQ WKH DUHD RI 25& FRQWURO V\VWHPV $GYDQWDJHV DQG
GLVDGYDQWDJHV RI GLIIHUHQW FRQWURO WHFKQLTXHV DQG WKHLU OLPLWDWLRQV DUH DQDO\]HG DQG
GLVFXVVHG   
6RPHLPSRUWDQWSRLQWVRIGHYHORSPHQWIRU25&FRQWUROV\VWHPVFDQEHVXPPDUL]HG
DVIROORZV 
1) Some attractive control strategies are available for ORC control systems in the form 
of conventional PID control, FFC, GSC, ADRC, LQI, OC, NC, RC, MVC, MPC 
and some compound control strategies. These techniques were reviewed and 
highlighted their features. Compared with most of the other control techniques, 
MPC and improved MPC (multiple MPC, switching MPC) generally provides 
better control performance because they can deal with nonlinearities, constraints on 
process variables, disturbances and varying operating condition. 
2) Most of the control strategies proposed for ORC systems depend on model, 
although some control oriented models have been built for ORC systems, for 
example, two state model (Peralez et al., 2015), (simplified) physical model 
(Quoilin et al., 2011; Zhang et al., 2012, 2016a), LPV model (Zhang et al., 2016a), 
FOPTD (Grelet et al., 2015) and transfer functions (Hernandez et al., 2014). 
Modelling of ORC systems should be studied via system identification techniques 
or analyzing physical models. Some state estimation methods, filter or observer 
design approaches, can be employed to improve control performance.  
3) Maximum energy conversion efficiency tracking algorithm is crucial for ORC 
systems so as to deeply utilize low grade thermal energy. Associated with the mass 
flow rate and temperature of heat source, there exists a specific generator (expander) 
speed which captures maximum power. Hence, it is necessary to investigate both 
the machine side and grid side controller for ORC power generation systems. 
4) In order to ensure ORC systems operate in optimal condition, it is necessary to 
investigate supervisory control strategy to produce optimal set-points for ORC 
control systems.  
5) Because the dynamics of ORC systems is complex in terms of nonlinearity, 
coupling and time varying disturbances, advanced control algorithms should be 
investigated. In addition, performance comparison of different control strategies 
should be performed via both simulation and experimental test. Some comparison 
metrics can be employed to compare the performances of different controllers, for 
example, energy conversion efficiency, steady state response improvement 
(alleviating tracking error), transient response improvement (decrease in overshoot, 
rise time, settling time and peak time), robustness to disturbances and changes in 
operating points, handling constraints on operation variables, reduction of 
computation time, implementation in practice.    
6) The ORC control system over a wide (or entire) operating range should be studied 
to adapt to variances induced by heat source or connected load.  
7) Because ORC systems operating in different modes have different control 
objectives, it is necessary to investigate proper control algorithms to follow load 
demand or heat source.      
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